Introduction
Structural changes in multinuclear complexes of open-shell metals are reflected in their intramolecular isotropic Heisenberg exchange parameters ( J), whose sign and magnitude are related to the topology of the magnetically coupled cluster. Simple magnetostructural relationships exist for several dinuclear and trinuclear systems with a single (or one predominant) magnetic exchange path. Among such complexes, those of M 2 (μ-O/OR) and M 3 (μ 3 -O/OR), M = Cu and Fe, are the best studied. [1] [2] [3] [4] Even subtle structural changes, such as the M-O-M angle, are often clearly reflected in the magnitude of J values, determined by analysis of the solid state, variable temperature, magnetic susceptibility measurements. 5 However, in larger clusters, simple magnetostructural relationships are often less easy to define, and a priori prediction of the magnetic properties remains a challenge. 6 As part of our ongoing work exploring the chemistry of new molecular architectures based on trinuclear Cu(II)-pyrazolato triangles, we have reported the structures, electrochemistry and magnetochemistry of hexanuclear trigonal prismatic Cu 6 -pyrazolato complexes of the general formula [PPN] [{Cu 3 (µ 3 -O)(µ-4-R-pz) 3 } 2 (3,5-Ph 2 -4-R′-pz) 3 
)], (Cu 6 -cages, [PPN][1], R = R′ = H, [PPN] = bis(triphenyl-
phospine)iminium cation). 7 Magnetic susceptibility studies of
[PPN] [1] showed a spin-frustrated system with a stronger antiferromagnetic isotropic exchange within the triangular Cu 3 (µ 3 -O)-units and a weaker one between them. 8 We have also
shown that [PPN] [1] and its analogues (R, R′ = Cl) undergo two reversible one-electron electrochemical oxidations to mixedvalent Cu II/III species.
Here we describe a related homovalent Cu(II) 6 -pyrazolate cluster, [{Cu 3 (µ 3 -OH)(µ-pz) 3 } 2 (μ-3,5-Ph 2 pz) 3 (µ 6 -F)], 2, now containing an encapsulated μ 6 -fluoride ion, isolated in the course of our efforts to prepare the aforementioned chemically oxidized variants of [ 6 ], has two pyrazolate and one methoxy "clips" between Cu 3 -units, making both the Cu⋯Cu and Cu-F bonds shorter than those of 2 (see Table 1 ). The structural parameters of 2 are also comparable to those previously reported for the corresponding [Cu 6 (μ 6 -Cl] complex in which the μ 6 -Cl is equidistant from both Cu 3 -planes at 1.829 Å. Similar Cu-Cl distances are also present in a related [Cu 6 (µ 6 -Cl)]-complex where the Cu 3 -triangles are connected only by the µ 6 -Cl ligand, as a result of which the Cu centres are much farther apart (4.21 Å). 20 Comparison of the structure with that of PPN [1] shows that the endohedral F -brings about only minor structural changes to the Cu 6 -cage, although the trigonal prismatic cavity expands to accommodate the fluoride ion in 2. In PPN [1] the planarity of Cu 3 (μ 3 -O) triangles imposes a strained geometry on the fourcoordinate Cu-centres with trans O-Cu-N angles of 156.6(2)°-168.6(2)°. In contrast, the pyramidal Cu 3 (μ 3 -OH) moieties in 2 allow a relaxed coordination sphere with trans HO-Cu-N angles approximating the ideal 180°. 
Analysis of the magnetic data
The temperature dependence of effective magnetic moment and the isothermal magnetization data for the reported compound 2 are depicted in Fig. 2 . The effective magnetic moment is 3.67μ B at room temperature, decreasing almost linearly to 2.36μ B at 50 K and finally dropping sharply to 0.64μ B at 1.9 K. The 50 K value of 2.36μ B is much lower than the theoretical spin only value for six non-interacting Cu(II) ions with g = 2.0 (4.24μ B ), indicating the existence of strong antiferromagnetic exchange interactions. The observed behaviour of μ eff /μ B can be rationalized on a qualitative level by assuming dominant antiferromagnetic exchange within each µ 3 -OH-Cu 3 triangle, which leads to S Cu 3 = 1/2 ground spin states. The two doublet states then couple weakly through pyrazolate ligands to generate a singlet and triplet: in the limit of weak coupling two independent S = 1/2 paramagnets yield a μ eff of 2.45μ B for g = 2.0, close to the experimental value at 50 K. A more quantitative analysis comes from considering the spin Hamiltonian shown in eqn (1), which is precisely analogous to that used in the analysis of [1] − .
J 1 and J 2 describe the isotropic exchange within µ 3 -OH-Cu 3 triangles and between the two triangles (mediated by pyrazolate ligands), respectively. Antisymmetric exchange within each µ 3 -OH-Cu 3 triangle was shown to be important in [1] and is expressed by
21 Application of Moriya symmetry rules 22 for the triangle results in only one non-zero component: d ij = (0, 0, d z ) ij and it was assumed that (d z ) ij are equal for all pairs. Furthermore, the averaged molar magnetization was calculated as an integral average (eqn (2)), because the measurement was performed on a powder sample (eqn (2))
where the magnetic field vector is defined in the polar coordinates as
The temperature-and field-dependent magnetic data were fitted simultaneously to the Hamiltonian (1), resulted in bestfit values of
with an isotropic g-factor fixed to 2.1 (as used for [1] − ). A small amount of monomeric paramagnetic impurity (PI) was introduced (mole fraction x PI = 2.7%), leading to a correction of the overall magnetization according to M sample = (1 − x PI )M mol + 6·x PI ·M PI , where M PI was calculated using the Brillouin function. The fitted J values are comparable to the constants reported by Kamiyama: (Cu 6 Cl,
and Coronado (Cu 6 F J 1 (a) = −94 cm Attempts to fit the magnetic data of 2 without the antisymmetric exchange, as done in Cu 6 Cl 15 and Cu 6 F, 17 resulted in (Fig. S1 , ESI †) and a rather larger deviation of the fit from the magnetic data, particularly at low temperature. On this basis, it seems that nonHeisenberg interactions may play a role in determining the magnetic behavior of 2.
EPR spectroscopy
The magnetic susceptibility measurements of 2 indicate antiferromagnetic interactions, which result in a diamagnetic ground state. At 4.2 K, the X-band EPR spectrum from a powdered sample of 2 gives rise to a weak signal, which is consistent with a monomeric Cu 2+ (S = 1/2) species, most probably arising from impurities. At higher temperatures a new signal emerges at g ∼ 2.05 (Fig. 3) , whose temperature dependence indicates that it arises from excited states with S ≠ 0. The spectra across the whole temperature range consist of a derivative-like Lorrentzian signal with a linewidth, ΔH pp , of ∼400 G.
No notable temperature-dependent shift in the resonance field or in linewidth is observed. The line-shape of the spectrum does not allow to identify contributions of sub-spectra attributable to distinct spin manifolds. The derivative-like signal is isotropic, apparently inconsistent with the antisymmetric exchange that proved significant in the fitting of the magnetic data. We suggest that at a given temperature the observed spectrum represents a thermal distribution over several spin states, 
Computational analysis
In order to explore the nature of the magnetic interactions in 2, we have performed a series of computations using brokensymmetry density functional theory, following the protocol developed in our previous paper on the μ 3 -O bridged Cu 6 cluster, [{Cu 3 (µ 3 -O)(µ-4-R-pz) 3 } 2 (3,5-Ph 2 -4-R′-pz) 3 )]
calculations were performed using the B3LYP functional in the ADF2013 software package (see Computational methods for further details). In order to extract the coupling constants, J, differences in energy between various configurations are mapped onto differences between the diagonal elements of a Heisenberg spin Hamiltonian of the form However, when the cluster is allowed to relax after removal of the fluoride ion, the separation between the OH oxygen atoms decreases to 4.48 Å from a value of 5.14 Å in 2 (dashed lines in 
Conclusions
In this paper we report the synthesis and characterisation of a trigonal prismatic Cu 6 cluster containing an encapsulated μ 6 -F − ligand. The original observation of this cluster arose from serendipitous hydrolysis of a [PF 6 ] − anion, but it was subsequently synthesised via a rational route. The pre-formed Cu 6 -cage acts as a host for the fluoride ion; fluoride is not a template for the organization of the Cu 6 -cage around it. Structural characterization and a detailed analysis of the magnetic properties suggest that the fluoride ion inflates the Cu 6 cage, and the resultant greater pyramidalisation of the Cu 3 (μ 3 -OH) triangles causes a significant reduction in the intra-triangle coupling. 
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Experimental section
Materials and methods
All reagents were purchased from commercial sources and used without further purification. Solvents were dried according to standard procedures. PPN [1] was prepared according to published procedure. Elemental analysis was performed at Galbraith Laboratories, Inc. 1 H-NMR was recorded in CD 2 Cl 2 in a Bruker Avance 400 spectrometer.
X-ray crystallography
Single crystal X-ray crystallography data (Table 2) were obtained from a crystal mounted atop a glass fiber using a Bruker SMART APEX II diffractometer fitted with a graphitemonochromated Mo-Kα radiation at ambient temperature. Data were collected using the APEX 2 suite and corrected for Lorentz and polarization effects. 24 The structure was refined using the SHELXTL-direct methods and refined by full-matrix least squares on F 2 . 25 The disordered interstitial water electron densities were removed by employing the SQUEEZE procedure supplied with the PLATON suite. 26 CCDC reference number 1429538.
Magnetic measurements
The temperature dependence of the magnetization at an applied field of B = 0.1 T and the field dependence of the magnetization up to B = 7 T at T = 2 and 5 K were acquired for a powder sample of 2 using MPMS XL7 SQUID magnetometer (Quantum Design). The experimental data were corrected for the underlying diamagnetism using empirical equation, χ dia = −5M × 10 −12 m 3 mol −1 (SI units), where M is molar mass of the compound in g mol −1 .
27
EPR spectroscopy X-band EPR measurements were carried out on an upgraded Bruker ER-200D spectrometer equipped with an Oxford ESR 9000 cryostat, an Anritsu MF76A frequency counter, and a Bruker 035M NMR Gaussmeter with the perpendicular mode standard cavity 4102ST.
Computational methods
Calculations reported in this paper were performed using the geometry of 2, and spin-unrestricted DFT as implemented in the ADF2013 package. 28 The hybrid B3LYP exchange-correlation functional was used throughout, [29] [30] [31] in conjunction with the polarized triple-zeta and double-zeta quality Slatertype basis functions on Cu and main-group atoms, respectively. All phenyl groups were replaced by hydrogens in the model structure, the geometry of which was optimised in the all-ferromagnetic S = 3 state. The exchange coupling constants, J ij , of the Heisenberg-Dirac-van Vleck (HDVV) spin Hamiltonian can be estimated using the broken-symmetry approach developed by Noodleman et al. 32 This method establishes the one-to-one mapping between diagonal elements of the HDVV spin Hamiltonian matrix computed in products of singlecentre spin functions and the diagonal elements of the exact non-relativistic Hamiltonian matrix computed in single-determinant configurations. The configurations used correspond to the highest total spin (|αααααα>, M S = 3) and so-called brokensymmetry (BS) states with different occupation of magnetic spin-orbitals. In this case there are 31 distinct broken-symmetry states that are permutations of |αααααβ〉 (M S = 2), |ααααββ〉 (M S = 1) and |αααβββ〉 (M S = 0). The remaining 32 spin functions (there are 2 6 = 64 in total) are simply the spininverted counterparts of those listed above. The energies of the broken-symmetry states were computed as single points at the optimised geometry of the ferromagnetic state. Due to the non-orthogonality of the computed HS and BS single determinants, the mapping between the diagonal elements holds only approximately. 33, 34 Exchange coupling constants computed in this way within the DFT framework are typically overestimated and Ruiz and co-workers have suggested that this is because the spin-projection implied in the mapping of broken-symmetry-state energies onto the diagonal elements of the isotropic exchange Hamiltonian accounts for non-dynamical electron correlation, which is already accounted for to some extent in the UDFT-BS solutions. 35a,g For bimetallic systems, Ruiz and co-workers have proposed an alternative expression, where the energy of the BS state is mapped directly onto the energy of the lowest spin state (i.e. the eigenvalue of the Heisenberg Hamiltonian rather than the diagonal element).
This approach has been shown to give good agreement between the computed and experimental values of J ij , particularly when the B3LYP functional is used.
35a-f, 36 This equation has been applied to polynuclear systems within the pairwise interaction approach, 6 ,35g,37 notably in our previous work on the [{Cu 3 (µ 3 -O)(µ-4-R-pz) 3 } 2 (3,5-Ph 2 -4-R′-pz) 3 )] + cation. 8 We therefore adopt the Ruiz protocol in this work, noting that the alternative mapping proposed by Noodleman results in J ij values that are larger by a factor of 2. Synthesis of 2. (100 mg, 0.0497 mmol) and ferricenium hexafluorophosphate (30 mg, 0.099 mmol) were mixed in 10 mL CH 2 Cl 2 for 24 h. The reaction mixture was filtered through a pad of Celite and MeCN was layered over the filtrate; crystals of 2 were collected after one week. X-ray quality single crystals of 2 were obtained through slow evaporation of filtrate with Et 2 O. Crystals were also obtained when the filtrate was layered with hexane or MeCN or by slow evaporation of the filtrate. The crystal obtained when layered with MeCN has three interstitial water molecules, as seen from the elemental analysis and crystal structure. Combined crystalline yield (29 mg, 38% based on PPN [1] 
